We show that finite-size nondiffracting beams can be generated by a subwavelength metallic hole with surrounding dielectric grating structures. An analytic field model that describes the diffractive formation of finite-size nondiffracting beams is addressed. The generation of finite-size nondiffracting beams from a subwavelength metallic hole with surrounding concentric dielectric binary gratings is numerically demonstrated by three-dimensional rigorous coupled wave analysis.
Introduction
There has been continued research interest in optical beam effects from subwavelength metallic slits or holes with surrounding grating structures [1] [2] [3] [4] . Optical beams from subwavelength metallic slits or holes are considered to be one of the most important and fundamental issues of nanoscale optics with unprecedented applications [5, 6] . It is well known that the optical beaming effect on a microscale is assisted by surface plasmon polaritons (SPPs). There are many theoretical studies of two-dimensional (2-D) beaming [2, 7, 8] from metallic slits, whereas there are relatively few studies devoted to the threedimensional (3-D) beaming effect.
With regard to optical beaming, the property of beam collimation has been an issue for theoretical analysis and experimentation. However, if we delve further into the analysis, a few interesting physical features beyond simple collimated beaming can be found in 3-D optical field structures such as subwavelength metallic holes. Here we consider the generation of a finite-size nondiffracting beam from a subwavelength metallic hole structure. The nondiffracting beam with finite size has been investigated for various applications such as micromanipulation [9] , delivery of microparticles [10] , and as an optical probe [11] . A well-known nondiffracting beam with a finite extended length is the apertured Bessel beam [12] . Beams with a nondiffracting property can be represented by various mathematical functions. We address a simple mathematical field model to intuitively describe the diffractive formation of nondiffracting beams from a subwavelength metallic hole and demonstrate the expectation of the field model with rigorous 3-D electromagnetic simulation using rigorous coupled wave analysis (RCWA) [13] .
In Section 2 we describe the scalar field model of finite-size nondiffracting beams. In Section 3 we propose the schematic of surface plasmon mediated nondiffracting beam generation and provide simulation results obtained with the 3-D RCWA. Our concluding remarks are given in Section 4.
Scalar Field Model of Finite-Size Nondiffracting Beams
First we create a simple scalar field model that yields a finite-size nondiffracting beam profile, and we analyze the properties of the field model. Let field functions F 1 ðx; y; 0Þ and F 2 ðx; y; 0Þ at z ¼ 0 be defined, respectively, by
where circðrÞ is the circular aperture function defined by
Field functions F 1 ðx; y; 0Þ and F 2 ðx; y; 0Þ are commonly known as Gaussian beam profiles with specific apodizing apertures. R 1 and R 2 are the aperture radii of field functions F 1 ðx; y; 0Þ and F 2 ðx; y; 0Þ, respectively. χ 1 and χ 2 are the exponential coefficients of the Gaussian profiles of F 1 ðx; y; 0Þ and F 2 ðx; y; 0Þ, respectively. It should be noted that F 2 ðx; y; 0Þ has an aperture with a circular phase profile, expð−jk θ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi x 2 þ y 2 p Þ, where k θ is a radial wavenumber defined by k θ ¼ ð2π=λÞ sin θ; λ is the free-space wavelength of the optical field.
The field distribution in free space with a boundary field profile Fðx; y; 0Þ at z ¼ 0 is represented by an angular spectrum:
where Aðα; βÞ is the angular spectrum given by
where α and β are x-directional and y-directional spatial frequencies, respectively; and γ is given by γ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
. Using Eqs. (2a) and (2b), we can obtain field distributions in free space ðz ≥ 0Þ of two field functions, F 1 ðx; y; zÞ and F 2 ðx; y; zÞ.
Let the sum of F 1 ðx; y; zÞ and F 2 ðx; y; zÞ be denoted by Fðx; y; zÞ ¼ F 1 ðx; y; zÞ þ F 2 ðx; y; zÞ; ð3Þ
which has a field function with adjustable structural parameters of A, R 1 , R 2 , χ 1 , χ 2 , and θ 2 . We can show that, with appropriately adjusted parameters, field function Fðx; y; zÞ becomes a finite-size nondiffracting beam profile with a uniform intensity profile along the z axis and a uniform beam radius. Figure 1(a) shows the x − z plane ðy ¼ 0Þ cross section of field profile Fðx; y; zÞ, with a set of specific parameters: Að¼ 1:5Þ, R 1 ð¼ 0:6 μmÞ, R 2 ð¼ 5 μmÞ, χ 1 ð¼ 1 μmÞ, χ 2 ð¼ 2 μmÞ, and θ 2 ½¼ 25ðdegÞ. For comparison, the partial fields of F 1 ðx; y; zÞ and F 2 ðx; y; zÞ separated from Fðx; y; zÞ are presented in Figs. 1(b) and 1(c), respectively. In this setting, the result is a finite-size nondiffracting beam profile with an extended length of 10 μm and a uniform intensity profile along the z axis. If the parameters are changed from the previous set, a change can be observed in the intensity uniformity along the z axis. Figure 2(a) shows the beam profile with a change in Að¼ 3Þ, where the field intensity is not uniform along the z axis and, in particular, the field intensity around z ¼ 2 μm is significantly stronger than that at other positions. In Fig. 2(b) , the beam profile with a change in χ 2 ð¼ 16 μmÞ is shown, and, in this case, the field intensity is not uniform along the z axis, but the field intensity around z ¼ 6 μm is stronger than that at other positions.
The finite extended length, the intensity uniformity along the z axis, and the nondiffracting cylindrical beam profile are the remarkable characteristics of the field model and a unique feature of 3-D diffraction, which is not included in 2-D diffraction. However, in the field model, the proper choice of beam parameters is critical to obtain a uniform beam profile, as exemplified in Fig. 2. 
Subwavelength Metallic Hole with Concentric Dielectric Gratings
The finite-size nondiffracting beam described by the above mathematical field model can be physically realized by a subwavelength metallic hole with concentric dielectric gratings as illustrated in Fig. 3 . This structure is well known for generating SPPassisted light beaming. However, the nondiffracting beam with a finite extended length is a possible diffraction field solution that has not been considered with regard to this structure before now. Figure 3 (a) illustrates a schematic drawing of the generation of a finite-size nondiffracting beam from a subwavelength metallic hole. In Fig. 3(a) , the extended length and the radius of the beam are denoted by l and r, respectively. The beam formation can be intuitively understood from Fig. 3(b) , where diffraction field components F 1 and F 2 contribute to the formation of a finite-size nondiffracting beam as indicated by the vertical and slanted arrows, respectively.
Let us delve into understanding the diffraction process. In the analysis, it is assumed that an xdirectional linear polarization optical field is normally incident on the backside of metal film with a subwavelength circular hole. On the front side a concentric dielectric circular grating structure exists with a grating period of P and a thickness of t around the subwavelength metallic hole. The subwavelength metallic hole actually serves as a field splitter. Through the hole, part of the incident field is directly diffracted toward the free space, which is indicated by the vertical arrow at the center in Fig. 3(b) . The other part of the incident field is coupled to the SPP that propagates along the x − y transverse plane. The excited SPP wave is diffracted by the surrounding dielectric grating and converted to a radiating field toward the free space with a Gaussian apodization profile, which is indicated by the slanted arrows in Fig. 3(b) . The total diffraction field distribution is the superposition of the direct diffraction field component F 1 that does not interact with the grating structure and the SPP-assisted diffraction field component F 2 that interacts directly with the grating structure, both of which correspond to the field models in Eqs. (1a) and (1b), respectively.
As shown in the simulation with the field model, the contribution of both field components F 1 and F 2 is necessary to form the finite-size nondiffracting beam profile. The relative magnitude ratio of F 1 and F 2 and the apodization profile that is induced by the exponential decrease along the radial direction are critical factors in the formation of the finite-size nondiffracting beam profile. The exponential decrease along the radial direction of the field model and the circular phase term of Eq. (1b) reflect the radiation and ohmic losses of the SPP along the radial direction and the phase profile of the radiating field diffracted by the circular dielectric grating structure, respectively. With a proper choice of grating structure, we can generate a finite-size nondiffracting beam using the subwavelength metallic hole with concentric dielectric binary gratings. To prove our field diffraction model and demonstrate the generation of a finite-size nondiffracting beam, we performed a 3-D electromagnetic simulation of optical diffraction of a metallic hole with concentric dielectric gratings using RCWA [7, 8, 13] . 
4/CO
In the simulation we assume that a subwavelength metallic hole with a diameter of 100 nm perforates the center of the Au film with a thickness of 300 nm and a refractive index of 0:1393 þ j4:1285. A plane wave with 650 nm wavelength and x-directional linear polarization is normally incident on the backside of the film sample. The local period of the concentric dielectric grating is set to 450 nm, and the height and fill factor of the binary dielectric grating are set to 400 nm and 0.5, respectively.
In RCWA, the total number of x-directional and y-directional Fourier spatial harmonics is set to 61 × 61, which is the maximum number of harmonics manageable in our personal computer (using a 64 bit CPU and 8 Gbits memory), and both the x-directional and the y-directional supercell periods, T x and T y , were chosen to have the same 9 μm value. The thickness of the grating was found by parametric simulation using RCWA for various thickness values. We were successful in finding a feasible 400 nm field profile. Figures 4(a) and 4(b) show the x-directional polarization electric field distributions in the x − z plane ðy ¼ 0Þ and the y − z plane ðx ¼ 0Þ obtained by the RCWA, respectively. With the analysis of the numerical field distribution data, the full width at half-maximum (FWHM) of the beam profile was measured to be 860 nm for the cross-sectional profiles of both the x − z and the y − z planes. The inset in Fig. 4(a) shows the field intensity profile along the z axis. The field intensity decreases abruptly in the z ¼ 7 − 10 μm range. This abrupt change in the field intensity is the well-known property of classical nondiffracting Bessel beams [12] .
Concluding Remarks
In conclusion, we have demonstrated that a finitesize nondiffracting beam is an electromagnetic field solution that can be generated by a subwavelength metallic hole with surrounding dielectric grating structures. The beaming structure can also be attached to the cut end of subwavelength metallic waveguides such as metal-insulator-metal structures [14] to generate the finite-size nondiffracting beam. It is expected that the subwavelength hole nondiffracting beam with a finite extended length of the order of micrometers can be used for various applications such as nanoscale 3-D hole-beaming devices for interconnection, micromanipulation, and optical probes. 
